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and localized to the posterior cytoplasm by a microtu-Chris Wylie
bule (and possibly actin)-based mechanism during oo-Department of Pediatrics
genesis. Extensive genetic screens have identified aDevelopmental Genetics Center
large number of maternal effect genes required for germUniversity of Minnesota School of Medicine
cell formation (see Table 1). Several of these (gurken,Minneapolis, Minnesota 55455
torpedo, Notch, Delta) are required for correct anterior±
posterior patterning of the oocyte, and a further number
(capuchino, spire, staufen, valois, mago nashi, orb, home-Introduction
less, tropomyosin II) are required for transport and as-All sexually reproducing organisms arise from gametes,
sembly of pole plasm material at the posterior pole ofhighly specialized cells that together initiate construc-
the oocyte. Localization of the pole plasm constituentstion of a genetically new organism. In turn, all gametes
has been extensively reviewed (Rongo and Lehmann,arise from primordial germ cells (PGCs), a small popula-
1996; Rongo et al., 1997) and these genes will not betion of cells set aside from other cell lineages very early
considered further here.in embryonic life in most animal species. When they first
Much less is known about how the pole plasm constit-appear in the embryo, germ cells have the potential in
uents, once localized, direct posterior cells into the germmany, but not all, species, to differentiate into gametes
line. One critical component is the product of the oskarof either sex, depending upon signals from their environ-
gene, which mimics whole cytoplasm in its ability toment. They also carry the property of pluripotency (more
generate functional germ cells, in a dose-dependantproperly, totipotency; see discussion below); the ga-
manner, when expressed ectopically in the blastulametes are the only cells in the body that can generate
(Ephrussi and Lehmann, 1992). Its ability to do this isan entire new organism, a property that is progressively
independent of the action of the genes required to local-lost from all other embryonic cells (but not their nuclei)
ize it (capuccino, spire, staufen, valois, mago nashi).as they differentiate. In this sense, germ cells are the
Ectopic Oskar protein causes the accumulation of nanosstem cells of the species, since they give rise to organ-
mRNA, and Vasa and Tudor proteins at the ectopic loca-isms rather than organs. They are the means by which
tion, and these genes are required for ectopic PGCs tospecies form and change in evolution. In humans (as
form. Hence, the formation and activity of this group ofwell as other animals), they are also the vehicles for
maternal effect genes are hierarchical, with one groupinherited diseases. Despite their philosophical and med-
of genes upstream of oskar, and presumably involved
ical importance, little is known about the mechanisms
in its localization and translational control, and others
whereby they arise during development, or how they
downstream, presumably involved in the specification
differentiate into the gametes.
of germ cells (Ephrussi and Lehmann, 1992). The nature
and function of the downstream genes, termed ªgerm
Germ Cell Formation plasm effectorº genes by Williamson and Lehmann
A broad review of comparative aspects of germ cell (1996) are poorly understood. These include the nuclear
formation will not be attempted (see Nieuwkoop and pore component germ cell-less (gcl, Jongens et al.,
Sutasurya, 1979, 1981, Beams and Kessell, 1974 for 1992, 1994), mitochondrial large rRNA (mtlRNA, Koba-
general reviews). Most is known of the genes that control yashi and Okada, 1989), polar granule component (pgc-1,
germ cell formation from systematic genetic screens in a nontranslated RNA sequence, Nakamura et al., 1996),
invertebrates. In Drosophila and C. elegans, maternal all of whose functions are unknown. None of them is
effect mutations, in which the genotype of the mother sufficient for the formation of germ cells when ectopi-
determines the presence of germ cells in the embryo, cally expressed, so it is assumed that the pathway by
regardless of the genotype of the father, revealed that which germ cells form downstream of oskar is nonlinear
formation of germ cells is initiated by genes expressed with respect to these genes, or that additional compo-
during oogenesis. These, in turn, control the expression nents are involved in the process.
of zygotic genes involved in specifying the PGCs. In C. elegans, a single germline precursor cell, the P4
In Drosophila, PGCs first form as a small group of cell, is set aside from the rest of the body at the 16- to
cells (pole cells) at the posterior pole of the blastula. 24-cell stage of development and divides once during
They are the first cells to cellularize after the arrival of embryogenesis (reviewed in Kemphues and Strome,
nuclei at the end of the syncitial blastula stage. The 1997; Schedl, 1997). This, and the existence of germ
essential triggers for their cellularization are not nuclei, plasm components (the P granules), suggests that mech-
but centrioles (Raff and Glover, 1989). The arriving nuclei anisms of localization and germ cell specification may
are directed into a germ cell fate by molecules stored be similar to those in Drosophila. Maternal effect screens
in the posterior cytoplasm (the pole plasm) as a collec- have yielded several genes expressed in oocytes that
tion of mitochondria, fibrils, and electron-dense polar are required for fertility (see Table 1). Several of these
granules (Mahowald, 1962). The pole plasm will direct are involved in the genetic silencing of much of the
any nuclei of the blastula to enter the germ line, as shown genome in the germ line. The germline factor PIE-1 be-
by elegant cytoplasmic transfer experiments (Illmensee comes localized into the P1 blastomere during the first
and Mahowald, 1974). Pole plasm components are the cell cycle and has the property of repressing transcrip-
tion by RNA polymerase II. In the absence of PIE-1,stored products of genes expressed during oogenesis,
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Table 1. Genes Required for Germ Cell Formation and/or Migration
Gene/Protein Species Information Reference
torpedo D. melanogaster required for anterior±posterior patterning (Gonzalez-Reyes et al., 1995; Neuman-Silberberg
and Schupbach, 1993; Roth et al., 1995)
gurken D. melanogaster required for anterior±posterior patterning (Gonzalez-Reyes et al., 1995; Neuman-Silberberg
and Schupbach, 1993; Roth et al., 1995)
Notch D. melanogaster required for anterior±posterior patterning (Ruohola et al., 1991; Clark et al., 1994)
Delta D. melanogaster required for anterior±posterior patterning (Ruohola et al., 1991; Clark et al., 1994)
orb D. melanogaster RNA-binding protein, required for (Christerson and McKearin, 1994; Lantz et al., 1994)
posterior localization of Oskar
homeless D. melanogaster RNA-dependent ATPase, required for (Gillespie and Berg, 1995)
posterior localization
capuccino D. melanogaster required for localization of Oskar (Clark et al., 1994; Emmons et al., 1995)
and Staufen in oocyte
spire D. melanogaster required for localization of Oskar (Clark et al., 1994)
and Staufen in oocyte
tropomysin II D. melanogaster required for localization of Oskar (Erdelyi et al., 1995)
and Staufen in oocyte
staufen D. melanogaster RNA-binding protein, required (St Johnston et al., 1991; Johnston et al., 1992)
to localize Oskar
mago nashi D. melanogaster required for assembly of germ plasm (Newmark and Boswell, 1994)
valois D. melanogaster required for pole plasm assembly (Schupbach and Weischaus, 1989)
oskar D. melanogaster induces PGCs ectopically (Ephrussi and Lehmann, 1992)
tudor D. melanogaster required downstream of oskar; required (Boswell and Mahowald, 1985; Wang et al., 1994)
for localization of nanos mRNA
vasa D. melanogaster downstream of oskar, translation factor (Schupbach and Wieschaus, 1986; Wang et al., 1994)
of DEAD box family, required for
nanos RNA localization
gcl D. melanogaster not known (Jongens et al., 1992, 1994)
nanos D. melanogaster Zn finger proteins, required for germ cell (Kobayashi et al., 1996; Forbes and Lehmann, 1998)
migration (in addition to role in
abdomen formation)
polar granule D. melanogaster nontranslatable RNA, required for germ (Nakamura et al., 1996)
component cell migration
serpent D. melanogaster required for germ cell migration through (Reuter, 1994; Warrior, 1994)
gut wall
dorsal D. melanogaster required for germ cell migration through (Warrior, 1994)
gut wall
huckebein D. melanogaster required for germ cell migration through (Warrior, 1994; Jaglarz and Howard, 1995)
gut wall
wunen D. melanogaster repels PGCs, phosphatase, required for (Zhang et al., 1997)
germ cell migration on outside of gut
zfh-1 D. melanogaster required for germ cell migration into (Broihier et al., 1998)
mesoderm, zinc finger homeodomain
protein
columbus D. melanogaster required for migration into mesoderm (Moore et al., 1998)
heartless D. melanogaster FGF receptor, required for migration (Moore et al., 1998)
into mesoderm
abdominal A D. melanogaster fail to remain with lateral mesoderm (Warrior, 1994; Moore et al., 1998)
Abdominal B D. melanogaster some germ cells excluded from mesoderm (Moore et al., 1998)
trithorax D. melanogaster germ cells fail to align in mesoderm (Moore et al., 1998)
trithoraxgleich D. melanogaster germ cells fail to align in mesoderm (Moore et al., 1998)
tinman D. melanogaster germ cells fail to align in mesoderm (Moore et al., 1998)
fear of intimacy D. melanogaster coalescence or germ cells in mesoderm (Moore et al., 1998)
pumilio D. melanogaster required for germ cell survival (Forbes and Lehmann, 1998)
PIE-1 C. elegans represses Polymerase II±mediated (Seydoux et al., 1966; Seydoux and Dunn, 1997)
transcription, required for germ cell
formation
mex-1 C. elegans required for positioning of PIE-1 (Guedes and Priess, 1997)
mes-2 C. elegans required for survival of germ cells, and (Capowski et al., 1991; Holdeman et al., 1998;
transcriptional repression in the germ Kelly and Fire, 1998)
line, similar to Enhancer of zeste, a
polycomb gene in Drosophila, required
for correct localization of MES-6
mes-3 C. elegans survival of germ line, required for correct (Holdeman et al., 1998)
localization of MES-2 and -6
mes-4 C. elegans survival of germ cells (Capowski et al., 1991)
continued
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Table 1. Continued
Gene/Protein Species Information Reference
mes-6 C. elegans survival of germ cells, and transcriptional (Capowski et al., 1991; Holdeman et al., 1998;
repression in the germ line, similar to Kelly and Fire, 1998)
Extra sex combs, a polycomb gene in
Drosophila, required for correct
localization of MES-2
gp130 mouse cytokine receptor, PGC number reduced (Taga, unpublished observations, cited in
in its absence Hara et al., 1998)
Steel mouse ligand, required for PGC survival, and (Dolci et al., 1991; Godin et al., 1991;
possibly migration Matsui et al., 1991; Buehr et al., 1993b)
Kit mouse receptor for Steel, expressed by PGCs (Dolci et al., 1991; Godin et al., 1991;
Matsui et al., 1991; Buehr et al., 1993)
gcd mouse insertional mutant, unknown identity, (Pellas et al., 1991)
lacks PGCs
transcription occurs in the P blastomeres, and their de- literature, even before the discovery of transcriptional
repression in early germ cells (e.g., Nieuwkoop and Suta-scendants enter other lineages (Seydoux et al., 1996;
Seydoux and Dunn, 1997). Later transcriptional silencing surya, 1981, p. 186); however, its test will have to await
a better analysis of the genes that control pluripotency,requires the four mes genes, mes-2, -3, -4, and -6 (Kelly
and Fire, 1998). Two of these have been found to be and whether their expression is shared by germ cells.
The functions of the oskar gene in Drosophila suggeststructurally similar to Drosophila polycomb group genes,
which are known to be involved in chromatin configura- an active, rather than default, pathway since its misex-
pression at the anterior end of the embryo causes thetion (Holdeman et al., 1998; Korf et al., 1998). It is not
known how transcriptional silencing results in the gener- ectopic formation of functional germ cells. It is critically
important to identify genes downstream of oskar andation of a germ line.
It is not clear how similar the germ cell±specifying PIE-1 in order to identify genes that specify the early
germline cells.pathways are between Drosophila and C. elegans. There
are parallels; a functional homolog of mago nashi has
been isolated in C. elegans (Newmark et al., 1997), tran- Formation of the Germ Line in Vertebrates:
Are the Same Genes Involved?scriptional repression has been identified in Drosophila
pole cells (Zalokar, 1976; Seydoux and Dunn, 1997), and Given the almost universal phenomenon of setting aside
a germ line early in development, and the establishedsome maternally inherited gene products, for example
MEX-1, are required for localization of PIE-1 protein to principle of homologous functions of genes in inverte-
brates and vertebrates, it is surprising that functionalthe posterior pole in C. elegans (Guedes and Priess,
1997). However, it is too early to say whether the same homologs of the germ cell±specifying genes in Drosoph-
ila and C. elegans are not better established in verte-genes are involved in the specification of germ cells,
and the localization of these specifying molecules, in brates. Examples do exist: mRNAs, localized to the germ
plasm in Xenopus laevis, have some sequence similari-the two species.
These genetic studies establish elegantly and unam- ties to vasa and nanos (Forristall et al., 1995). A vasa
homolog has also been found in structures that are likelybiguously a sequence of gene actions leading to the
establishment of the germ line. However, they do not to be germ plasm in zebrafish (Yoon et al., 1997) and in
the germ line in mouse embryos (Fujiwara et al., 1994).tell us how the germ cell phenotype is established. One
problem is that we do not know in detail the molecular A sequence similar to mago nashi has been found in
Xenopus (Newmark et al., 1997). The functions of theseidentity of the PGCs, which currently are identified by
position in the embryo, expression of certain markers, gene products are not known. The relatively small num-
ber of identified homologs may be because many of theand motility. This situation is compounded by the fact
that several of the genes required for germ cell formation Drosophila genes are required, not for specifying cells
to enter the germ line, but in bringing germ cell determi-encode proteins that control general cellular properties
such as translation (nanos, vasa), RNA binding (staufen, nants to the correct place in the egg, and this function
is carried out differently in vertebrates. Alternatively,pumilio), or transcriptional repression (PIE-1). While
these are clearly important, it is not clear what down- functional homologs may exist but have not yet been
found, or the important sequences may be small, andstream genes are being controlled by these regulatory
elements. It is possible to advance general hypotheses thus hard to find by conventional homology screens.
Xenopus embryos have structures microscopicallybased on these observationsÐfor example, that tran-
scriptional repression mediated by PIE-1 prevents a cell similar to polar granules of Drosophila and P granules
of C. elegans. These are known as the germinal granules,from expressing genes that would cause it to enter other
lineages (a growth factor receptor, e.g.) and therefore and are part of a larger aggregation of cytoplasm called
germ plasm, which contains large aggregates of mito-becoming a germline cell is due to the lack of becoming
anything else. Germ cells would thus retain primitive chondria and fibrils, as well as the germinal granules.
Germ plasm contains structural components, whoseearly embryonic cell properties such as pluripotency.
This attractive hypothesis has been articulated in the identities are unknown (although germ plasm has been
Cell
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Table 2. RNAs Found in Germ Plasm in Xenopus Oocytes and Eggs
mRNA Information Reference
Xlsrt nontranslated RNA (Kloc et al., 1993)
Xdazl functional homolog of Drosophila boule (Houston et al., 1998)
Xcat3 sequence similar to vasa (Forristal et al., 1995)
Xcat2 sequence similar to nanos (Forristal et al., 1995)
Xwnt11 Wingless homolog (Ku and Melton, 1993)
Xpat no obvious homologies (Hudson and Woodland, 1998)
reported to cross-react with antibodies against vimen- the capacity to enter the germ line. During the first few
cleavage divisions in mouse embryos, all cells are ini-tin; see Torpey et al., 1990; Houston et al., 1998; Savage
and Danilchik, 1993), and a number of identified mRNAs, tially equivalent, and can form all cells in the body, in-
cluding germ cells. This is unlike the situation in Dro-two of which have sequence similarities to those found
in Drosophila polar granules, and a nontranslated RNA, sophila, C. elegans, and Xenopus, in which the capacity
to form germ cells is limited to cells that inherit germXlsirts (see Table 2).
The germ plasm undergoes cytoplasmic movements plasm. When the mouse embryo separates into inner
cell mass and trophoblast, at the morula stage, the ca-during oogenesis, and after fertilization, until it is found
in large islands, each of which is inherited by cells whose pacity to form germ cells is lost by the trophoblast and
retained by all cells of the inner cell mass. When thedescendants will become germline cells. Germ plasm±
containing blastomeres do not enter the germ line imme- inner cell mass becomes segregated into primary ecto-
derm and primary endoderm, the capacity to form germdiately. Instead, they divide asymmetrically, so that the
germ plasm is inherited by only one daughter cell, until cells is lost by the primary endoderm and retained by
all primary ectoderm cells. At each step, the capacitythe gastrula stage, when equal division starts and the
PGC population starts to expand (Whitington and Dixon, to form germ cells is retained by all cells destined to
form the embryonic body. This situation changes during1975). Like Drosophila pole plasm components, the
movements of Xenopus germ plasm are microtubule gastrulation, when both organ culture experiments (Snow,
1981) and single cell lineage analysis (Lawson and Hage,dependent. Indeed, a kinesin-like protein, Xklp1, has
been identified in Xenopus (Vernos et al., 1995) and 1994) show that the capacity to form germline cells be-
comes restricted. Microinjection of lineage tracers intofound to be required for the normal postfertilization
movements of the germ plasm (Robb et al., 1996). This single cells of the E6.0 embryo reveals a scattered popu-
lation of cells around the lateral margin of the cup-is the first motor protein to be shown to have a role in
cytoplasmic localization in any species. shaped embryo that give rise to PGCs amongst their
descendants. However, they give rise to other cells ofThe similarities between Xenopus germ plasm and
Drosophila pole plasm suggest that homologous mech- the extraembryonic regions too, showing that the germ
line is not irrevocably specified by E6.5. This conclusionanisms do exist for specification of germ line and for
localizing germ cell±specifying molecules in the egg. is supported by the fact that anterior (distal) regions of
the primary ectoderm at E6.5, which do not normallyCytoplasmic transplantation experiments show that vege-
tal cytoplasm of Rana eggs can rescue UV irradiation± form germ cells, will do so when grafted to the posterior
(proximal) end of the embryo (Tam and Zhou, 1996).induced loss of germ cells (Smith, 1966), which supports
this view. However, little is known about the functions However, by E7.5, a small population of cells in the base
of the allantois expresses the surface enzyme alkalineof germ plasm components in Xenopus. mRNAs tran-
scribed during oocyte development in Xenopus, and phosphatase, a useful marker of PGCs in the mouse
embryo (Ginsburg et al., 1990); so it is assumed that astored in the cytoplasm, can be depleted by injection
of antisense deoxyoligonucleotides, and the effect on germ line is specified during the E6.5±7.5 period. These
data suggest that cell interactions play a role in germ lineearly development analyzed by subsequent fertilization
of the oocytes (Wylie and Heasman, 1997). This method specification in mammals and that localized maternal
components are not involved.has been used to show that stored mRNAs control dor-
sal/ventral axis specification (Heasman et al., 1994; Wy-
lie et al., 1996), primary germ layer formation (Zhang et Positioning of the Germ Cell Population
It is interesting from an evolutionary standpoint thatal., 1998), and the localization of the germ plasm (Robb
et al., 1996) in Xenopus. It will be interesting to see if although germ cells arise early in development in many
species, they do not appear to do so in a consistentthis technique can be used to analyze the functions of
germ plasm constituents in Xenopus. location with respect to the developing anatomy of the
embryo. In Drosophila and C. elegans, cells first identifi-Germ line formation in the mouse (and other species;
see e.g., Ransick et al., 1996) show that mechanisms of able as germ cells arise at the posterior end of the
blastula. In Xenopus they first appear in the endoderm.germ line specification found in Drosophila, C. elegans,
and anuran amphibians are not universal. In the mouse, In the chicken, a population of cells expressing germ
cell markers delaminates from the epiblast, thought tocell transplantation experiments (Gardner and Rossant,
1979), partial embryo culture (Snow, 1981), and single be equivalent to the primary ectoderm of the mammalian
embryo (Karagenc et al., 1996), and accumulates in acell lineage analysis (Lawson and Hage, 1994) have been
used to identify regions of the early embryo that have crescent of cells around the cranial end of the embryonic
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body, between the primary ectoderm and primary endo- become motile before the time of exit from the gut,
suggesting that the stimulus for their exit is provided byderm (Swift, 1914; Fujimoto et al., 1976). In the mouse
they appear at the base of the allantois, in the meso- signals from the gut (Jaglarz and Howard, 1994, 1995).
In support of this view, mutations that affect gut devel-derm. Even within individual classes of vertebrate, the
origins of the germ line can be different with respect to opment (e.g., hbn, srp) abrogate migration of germ cells
across the gut wall. Once out of the gut, the germ cellsthe primary germ layers. In anuran amphibians, such as
Rana and Xenopus, germ cells appear in the endoderm, migrate laterally into the mesoderm. One factor that
influences their direction of migration on the gut epithe-but do so in the lateral plate mesoderm of the urodele
Ambystoma (Humphrey, 1929). Thus, the formation of lium is the product of the wunen gene, which acts to
repel the germ cells (Zhang et al., 1997). A recent geneticthe germ line seems to be independent of the primary
germ layers. This is probably because the setting aside screen has revealed a number of genes on chromosome
3 required for normal germ cell migration (Moore et al.,of a germ line early in development predates the appear-
ance in evolution of three primary germ layers, since 1998; see Table 1). Several of these are already known
to be involved in the general patterning of the embryogerm cells are set aside from other cells in animals that
do not have three germ layers, for example, Hydra (Lit- (gap genes, segment polarity genes, and pair rule genes)
and are not included in the table. Amongst the otherstlefield, 1991) and Volvox (Kirk, 1997). If the mechanism
of specification of germ cells has been conserved be- is the gene columbus, later identified as HM-CoA reduc-
tase (Van Doran et al., 1998). This gene is normally in-tween species, it must be independent of other pat-
terning events such as primary germ layer and dorsal/ volved in cholesterol synthesis in mammals and sug-
gests that some aspect of lipid metabolism may beventral axis specification.
involved in the presentation of a migration signal. colum-
bus, like the other genes identified, is expressed in the
Migration of PGCs mesoderm, suggesting that the environment controls
The first property manifested by PGCs in most species both the destination of the germ cells and their subse-
is motility. For example, they form during gastrulation quent alignment and coalescence (Moore et al., 1998).
in Drosophila, mice, and frogs, and migrate to the sites Few of the genes identifed are expressed in the germ
where the gonads will form. Here they coassemble with cells themselves. One gene that is expressed in germ
somatic cells, derived from the embryonic mesoderm, cells and has been found recently to be required for
to form the functional arrays of cells in which gametes normal germ cell migration is nanos, which previously
differentiate (in mammals these are the ovarian follicles had been thought to be required only for abdomen for-
of the female, and the semiferous tubules of the male). mation. When germ cells lacking nanos were trans-
The pathway of migration is controlled by the environ- planted into wild-type embryos, they failed to migrate
ment and not autonomous to the germ cell. In Xenopus, to the gonad (Kobayashi et al., 1996). Another polar
germ cells localized to the wrong place in the blastula, granule component required for germ cell migration is
either by moving the germ plasm to a new location the nontranslated RNA Pgc-1 (Nakamura et al., 1996).
(Cleine, 1986), or by cell transplantation (Wylie et al., Although the significance of this is unknown, it is inter-
1985), do not find the migratory route and end up in esting to note that in Xenopus, another nontranslated
other structures. Germ cells reach the gonad primordia RNA, Xlsirts, is found localized in the germ plasm (Kloc
by a combination of passive morphogenetic movements et al., 1993).
and active migration. The routes they take differ in differ- There are striking parallels between the control of
ent animal groups. In the chicken, germ cells become germ cell migration in Drosophila and mouse. In the
incorporated into the developing blood islands and get mouse embryo, germ cells first become visible due to
carried around the early circulation before exiting in the their expression of the enzyme alkaline phosphatase, a
region of the gonad by an unknown homing mechanism. useful marker of their subsequent movements (Chi-
In Drosophila, Xenopus, and mouse embryos, germ cells quoine, 1954). They first appear as an identifiable popu-
become incorporated into the forming hindgut, from lation posterior to the primitive streak at the gastrula
which they migrate actively to join the somatic cells of stage (E7.5), in the base of the allantoic diverticulum
the gonad, which in each case are mesodermal in origin. (Ginsburg et al., 1990), and from here they become incor-
Drosophila embryos offer the twin opportunities of porated passively into the developing hindgut (Clark and
direct visualization of migrating germ cells (Jaglarz and Eddy, 1975). At E9.5 they migrate out of the hindgut into
Howard, 1994) and genetic analysis (e.g., Moore et al., the connective tissue that surrounds it, which elongates
1998; see Table 1 for references), and correspondingly to form the gut mesentery as the germ cells are emerging
more is known about the genetic control of germ cell through the gut wall. The continuing elongation of the
migration than in any other species. Once the 30±40 mesentery during this process makes the migratory
pole cells form, they are carried, apparently passively, route significantly longer for the later emerging germ
into the posterior midgut during gastrulation. They then cells. Germ cells isolated from the hindgut at E8.5 are
actively migrate across the wall of the gut and over its actively migratory in culture (Godin et al., 1990; Godin
surface, before migrating laterally on each side to join and Wylie, 1991), suggesting that in mouse, as in Dro-
mesoderm cells derived from parasegments 10±12. The sophila, the germ cells are either prevented from leaving
somatic and germ cells coalesce together to form the before E9.5, or actively stimulated to leave at this time.
gonad (Sonnenblick, 1941; see Williamson and Leh- There is also evidence that migration into the gonad
mann, 1996 for recent review). Direct observation of primordia is controlled in the mouse, as it is in Drosoph-
ila, by the somatic cells of the gonad. Germ cells arethe germ cells in the posterior midgut shows that they
Cell
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Table 3. Growth Factors that Control PGC Behavior during Migration
Factor Effect on PGCs (ref.)
TGFb1 Inhibits PGC proliferation, chemotropic effect, antibody blocks chemotropic
effect of genital ridges in culture (Godin and Wylie, 1991)
Interleukin/LIF cytokine family, PGC survival and proliferation (see Steel factor); Mice lacking gp130, the
including LIF, Oncostatin M, common receptor for this family, have reduced numbers of PGCs
IL6, CNTF (Taga, unpublished observations, cited in Hara et al., 1998)
bFGF PGC survival and proliferation (see Steel factor)
Steel factor (a) PGC survival (Dolci et al., 1991; Godin et al., 1991; Matsui et al., 1991);
(b) In combination with LIF (or other cytokines of the same family) and
bFGF, stimulates proliferation and formation of ES-like cell lines
(Matsui et al., 1992; Resnick et al., 1992) PGC migration
(Buehr et al., 1993)
Interleukin 4 PGC survival (Cooke et al., 1996)
EGF PGC mitogen (Cooke et al., unpublished observations)
attracted in culture, and their numbers are increased, Steel/Kit interaction in cell survival led to the important
hypothesis that the local release of Steel factor mayby explanted gonad primordia (Godin et al., 1990). The
control PGC position (since they undergo apoptosis ifchemoattractive effect of gonad primordia is abolished
they are not close to a source of Steel), and that aby antibodies against the growth factor TGFb1 (Godin
loss of this control is one factor in the formation ofand Wylie, 1991). Superficially, the appearance of the
extragonadal germ cell tumors in humans.germ cells themselves is also similar. In mouse, migrat-
The interleukin/LIF cytokine family was initially impli-ing germ cells at E10.5 extend long processes that link
cated in PGC behavior by the findings that LIF increasesgerm cells together into extensive networks (Gomperts
PGC survival in culture (Felici and Dolci, 1991) and, inet al., 1994). By E11.5, the germ cells have coalesced
combination with Steel factor, increases PGC prolifera-into tightly coherent groups of cells, the forerunners of
tion, and that it leads to the formation of ES-like cellsthe sex cords. A similar process of germ cell interac-
that maintain their pluripotency when transplanted intotion via long processes occurs in Drosophila embryos
host blastulae (Matsui et al., 1992; Resnick et al., 1992).(Jaglarz and Howard, 1995), followed by their coales-
Although LIF may not itself be the physiological ligandcence in the mesoderm (Moore et al., 1998).
for this effect, since it is not expressed in the gonad,Similar to Drosophila, many properties of mouse germ
and LIF-deficient mice have normal PGC numbers (re-cells are controlled by signals released by surrounding
viewed in Donovan et al., 1998), the related family mem-tissues. PGCs can be isolated from mouse embryos
ber oncostatin M mimics the action of LIF on PGCs inbefore, during, or after their migration from the gut to
vitro, and the shared high-affinity receptor, gp130, isthe gonad, and cultured for short periods on certain
required for PGC growth and/or survival in vitro (Koshi-types of feeder cell layer (Donovan et al., 1986). This
mizu et al., 1996). The number of growth factors influenc-allows the effects of exogenously added factors on PGC
ing PGC behavior in vitro is large, and it will be of majormotility, proliferation, and survival to be tested in vitro.
interest to analyze the spectrum of receptor expressionFollowing the finding that isolated genital ridges of E10.5
in mouse PGCs and develop methods of conditional andembryos act as an attractant of PGCs in culture, and
germline specific receptor gene targeting.stimulate their numbers, many purified growth factors
have been shown to control germ cell survival, prolifera-
Immortality and Pluripotency: The Uses
tion, differentiation, targeting, and motility. A summary
and Abuses of Germ Cells
of these is given in Table 3. In most cases, it is not
It is often said that germ cells are immortal, while so-
known whether these factors function in vivo. The two matic cells are not (e.g., Denis and Lacroix, 1993). The
exceptions to this are the Steel/Kit interaction and mem- concept of immortality of the germ line as a whole is
bers of the interleukin/LIF cytokine family. Steel and W semantically true, since each ªfounderº sexually repro-
(dominant white spotting) were identified originally as ducing organism gave rise to a germ line, and at least
genetic loci, mutations in which caused sterility, anemia, one of these must have lasted to the present day. How-
and lack of pigment cells. The products of these two ever, it is not true in practice for any individual germ
loci have recently been identified as the tyrosine kinase cell. Each meiotic division shuffles the genes of the two
receptor Kit, the product of the W locus, and its ligand, individuals that gave rise to the germ cell, and every
Steel factor, the product of the Steel locus. Studies on gamete fusion event recombines the genes of two differ-
cultured PGCs showed that the Steel/Kit interaction is ent individuals into one new germ cell. Thus, the ªgerm
required for germ cell survival (Dolci et al., 1991; Godin lineº moves through the aeons as a collective, not a cell
et al., 1991; Matsui et al., 1991). Observation of the lineage. This collective is subject to deleterious muta-
positions of the PGCs in W mutant embryos suggest tions, just as dividing somatic cells are, but deleterious
that W may also be required for migration (Buehr et ones are eliminated by natural selection. In order to
al., 1993), and others have suggested that W may also compare the longevity of germ cells with other cell lin-
mediate cell adhesion and chemoattraction (Kaneko et eages, it would be necessary to carry out serial trans-
al., 1991; Meininger et al., 1992; Marziali et al., 1993; plantations of different stem cell types from one genera-
tion of animals to the next, to define how long theyreviewed in Paulson et al., 1996). The function of the
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would continue to give rise to functionally differentiated inner cell mass, and primary ectoderm), and later only
in the germ line. In addition, it is expressed only in undif-descendants. Loosely speaking, this is what happens
to germ cells. The closest kind of experiment to this is ferentiated embryonal carcinoma cells, ES cells, and EG
cells (reviewed in Nichols et al., 1998). It has recentlythe classical experiment of Hadorn, who showed that
Drosophila imaginal disks can be serially cultured through been shown that embryos lacking Oct4 do not possess
inner cell mass cells, which differentiate instead intomany generations of flies, during which they proliferate
continuously, and maintain their ability to differentiate trophectoderm cells, the first differentiating lineage to
form in the embryo (Nichols et al., 1998). This is strong(with a low frequency of mistakes) into their normal fates
(Hadorn, 1963; reviewed in English in Hadorn, 1978). evidence for a role for Oct4 in the maintenance of pluri-
potency.This showed that somatic cells can retain the ability to
produce differentiated cell types for many generations. The work on Oct4 raises an issue which is currently
semantic, but the basis of which is important. Pluripo-Hemopoietic stem cells are also long-lived, and their
ability to give rise to new blood cells extends beyond tency is a term applied to many types of stem cell, in
addition to germ cells, without regard to the range ofthe life cycle of an individual mouse (Harrison, 1973),
although with decreased self-renewal capacity with se- possible pathways of differentiation. A hemopoietic
stem cell is regarded as pluripotent, but can only de-rial transplantation (reviewed in Hall and Watt, 1989).
Longevity is clearly not a property possessed only by velop into different types of blood cell. In this respect,
female germ cells should perhaps be called totipotent,germline cells, and it is more likely that the longevity of
the germline collective requires continual genetic shuf- in that they can form all cell types. Since we do not
currently know the molecular basis of differences in po-fling and natural selection.
One property that distinguishes germ cells from so- tency, the term pluripotent tends to be used for all cell
types, including germ cells, that can differentiate intomatic cells is that of pluripotency. The fertilized egg,
derived by the fusion of two germ cells, gives rise to a more than one cell type. Now that a single gene product,
Oct4, has been identified in the mouse as being involvedwhole organism, and this property is retained by the
germline cells as they differentiate, but lost from somatic in totipotency, which is the property of individual cells
of the mouse morula and of germ cells, this may distin-cells. It has been known for many years that amphibian
somatic cell nuclei retain their ability to give rise to an guish the molecular mechanism for totipotency (the abil-
ity to form all cell types) from pluripotency (a more lim-entire individual, including the germ cells, when trans-
planted into eggs (reviewed in Gurdon, 1974). Mamma- ited differentiative ability possessed by many stem
cells), and allow a more precise language for these dif-lian somatic cell nuclei have also been shown recently
to retain this property (Campbell et al., 1996; Wakayama ferent epigenetic states.
There is a direct relevance to understanding the mo-et al., 1998). Thus, the pluripotency of the germ cell must
be controlled by its cytoplasm. In animals possessing lecular nature of pluripotency, since pluripotential ES
cells have now been derived from human blastulaegerm plasm, it is assumed that this controls the pluripo-
tent nature of the cell that inherits it. In organisms whose (Thomson et al., 1998) and human PGCs (Shamblott et
al., 1998). In the future, and assuming that technical andgerm cells arise late, from a population of cells that
are all pluripotent, it is not known how this property is ethical/legal obstacles are overcome, these will provide
an immensely valuable source of pluripotential cells forretained by the cells that enter the germ line. Another
conceptual problem with respect to pluripotency is how transplantation in cases of human disease (see Gear-
hart, 1998, for review). It is clear that identifying thegerm cells are prevented from differentiating into other
cell types. Mouse genital ridges transplanted into ec- genes that control entry into the germ line, and the prop-
erty of pluripotency during germ cell differentiation, willtopic sites form tumors that differentiate into many cell
types (Stevens, 1968, 1970), and pluripotential cell lines have extremely important implications for our under-
standing of the evolution of the germ line, as well as forcan be derived from normal diploid PGCs in culture
(Matsui et al., 1992; Resnick et al., 1992). In Xenopus, human and animal disease.
PGCs taken from their migratory route and transplanted
Acknowledgmentsinto early embryos differentiate into other cell types (Wy-
lie et al., 1985). So there is good evidence that germ cells
The author is grateful to the NIH (R01-HD33440) and the Harrisoncontain a mechanism to maintain them in a pluripotent
Fund for funds for research described in this article, and to Janet
state, able to differentiate into any cell type, but which Heasman and Robert Anderson for discussion of the manuscript.
prevents them from doing so until after fertilization (or
activation of an egg). Since transplantation of germ cells References
to new sites causes their differentiation, it is likely that
Beams, H., and Kessell, R. (1974). The problem of germ cell determi-environmental factors control this. Members of the cyto-
nants. Int. Rev. Cytol. 39, 413±479.kine/LIF family are candidates for this property in mouse
Boswell, R.E., and Mahowald, A.P. (1985). tudor, a gene requiredembryos. The generation of pluripotent cell lines from
for assembly of the germ plasm in Drosophila melanogaster. Cellmouse PGCs requires LIF, or another family member.
43, 97±104.
How such environmental factors control nuclear po-
Broihier, H., Moore, L., Van Doren, M., Newman, S., and Lehmann,
tency downstream is not known. However, a candidate R. (1998). zfh-1 is required for germ cell migration and gonadal
downstream gene is the POU domain transcriptional mesoderm development in Drosophila. Development 125, 655±666.
regulator Oct4 (Okamoto et al., 1990; Rosner et al., 1990; Buehr, M., McLaren, A., Bartley, A., and Darling, S. (1993). Prolifera-
Scholer et al., 1990, 1991), which is expressed only in tion and migration of primordial germ cells in We/We mouse em-
bryos. Dev. Dyn. 198, 182±189.pluripotent cells of the early mouse embryo (the morula,
Cell
172
Campbell, K., McWhir, J., Ritchie, W., and Wilmut, I. (1996). Sheep Gillespie, D., and Berg, C. (1995). Homeless is required for RNA
cloned by nuclear transfer from a cultured cell line. Nature 380, localization in Drosophila oogenesis and encodes a new member
64±66. of the DE-H family of RNA-dependent ATPases. Genes Dev. 9, 2495±
2508.Capowski, E., Martin, P., Garvin, C., and Strome, S. (1991). Identifica-
tion of grandchildless loci whose products are required for normal Ginsburg, M., Snow, M.H.L., and McLaren, A. (1990). Primordial
germ-line development in the nematode Caenorhabditis elegans. germ cells in the mouse embryo during gastrulation. Development
Genetics 129, 1061±1072. 110, 521±528.
Chiquoine, A.D. (1954). The identification, origin and migration of Godin, I., and Wylie, C.C. (1991). TGFb inhibits proliferation and has
the primordial germ cells of the mouse embryo. Anat. Rec. 118, a chemotropic effect on mouse primordial germ cells in culture.
135±146. Development 113, 1451±1457.
Christerson, L., and McKearin, D. (1994). orb is required for antero- Godin, I., Wylie, C.C., and Heasman, J. (1990). Genital ridges exert
posterior and dorsoventral patterning during Drosophila oogenesis. long-range effects on mouse primordial germ cell numbers and
Genes Dev. 8, 614±628. direction of migration in culture. Development 108, 357±363.
Clark, J.M., and Eddy, E.M. (1975). Fine structural observations on Godin, I., Deed, R., Cooke, J., Zsebo, K., Dexter, M., and Wylie, C.C.
the origin of associations of primordial germ cells in the mouse. (1991). Effects of the steel gene product on mouse primordial germ
Dev. Biol. 47, 136±155. cells in culture. Nature 352, 807±809.
Clark, I., Giniger, H., Ruohola-Baker, L., Jan, L., and Jan, Y. (1994). Gomperts, M., Wylie, C., and Heasman, J. (1994). Interactions be-
Transient posterior localization of a kinesin fusion protein reflects tween primordial germ cells play a role in their migration in mouse
anteroposterior polarity of the Drosophila oocyte. Curr. Biol. 4, embryos. Development 120, 135±141.
289±300. Gonzalez-Reyes, A., Elliott, H., and Johnston, D.S. (1995). Polariza-
Cleine, J. (1986). Replacement of posterior by anterior endoderm tion of both major body axes in Drosophila by gurken-torpedo signal-
reduces sterility in embryos from inverted eggs of Xenopus laevis. ing. Nature 375, 654±658.
J. Embryol. Exp. Morphol. 94, 83±93.
Guedes, S., and Priess, J. (1997). The C. elegans MEX-1 protein is
Cooke, J., Heasman, J., and Wylie, C. (1996). The role of interleukin present in germline blastomeres and is a P-granule component.
4 in the regulation of mouse primordial germ cell numbers. Dev. Development 124, 731±739.
Biol. 174, 14±22.
Gurdon, J. (1974). The control of gene expression in animal develop-
De Felici, M., and Dolci, S. (1991). Leukemia inhibitory factor sustains ment (Oxford: Oxford University Press).
the survival of mouse primordial germ cells cultured on TM4 feeder
Hadorn, E. (1963). Differenzierungsleitungen wiederholt framen-layers. Dev. Biol. 147, 281±284.
tierter Teilstucke manlicker genitalscheiben von Drosophila melano-
Denis, H., and Lacroix, J.-C. (1993). The dichotomy between germ gaster nach Kultur in vivo. Devl. Biol. 7, 617±629.
line and somatic line, and the origin of cell mortality. Trends Genet.
Hadorn, E. (1978). Transdetermination. In Genetics and Biology of9, 7±11.
Drosophila, M. Ashburner and T. Wright, eds. (New York: Academic
Dolci, S., Williams, D.E., Ernst, M.K., Resnick, J.L., Brannan, C.I.,
Press), pp. 556±617.
Lock, L.F., Lyman, S.D., Boswell, H.S., and Donovan, P.J. (1991).
Hall, P., and Watt, F. (1989). Stem cells: the generation and mainte-Requirement for mast cell growth factor for primordial germ cell
nance of cellular diversity. Development 106, 619±634.survival in culture. Nature 352, 809±811.
Hara, T., Tamura, K., Miguel, M.d., Mukouyama, Y., Kim, H., Kogo,Donovan, P., Stott, D., Cairns, L., Heasman, J., and Wylie, C.C.
H., Donovan, P., and Miyajima, A. (1998). Distinct roles of oncostatin(1986). Migratory and non-migratory mouse primordial germ cells
M and leukemia inhibitory factor in the development of primordialbehave differently in culture. Cell 44, 831±838.
germ cells and sertoli cells in mice. Dev. Biol. 201, 144±153.Donovan, P., Miguel, M.d., Cheng, L., and Resnick, J. (1998). Primor-
Harrison, D. (1973). Normal production of erythrocytes by mousedial germ cells, stem cells, and testicular cancer. APMIS 106,
marrow continuous for 73 months. Proc. Natl. Acad. Sci. USA 70,134±141.
3184±3188.Emmons, S., Phan, H., Calley, J., Chen, W., James, B., and Manseau,
Heasman, J., Crawford, A., Goldstone, K., Garner-Hamrick, P., Gum-L. (1995). Cappuccino, a Drosophila maternal effect gene required
biner, B., Kintner, C., Yoshida-Noro, C., and Wylie, C. (1994). Overex-for polarity of the egg and embryo, is related to the vertebrate limb
pression of cadherins, and underexpression of b catenin inhibitdeformity locus. Genes Dev. 9, 2482±2494.
dorsal mesoderm induction in early Xenopus embryos. Cell 79,Ephrussi, A., and Lehmann, R. (1992). Induction of germ cell forma-
791±803.tion by oskar. Nature 358, 387±392.
Holdeman, R., Nehrt, S., and Strome, S. (1998). MES-2, a maternalErdelyi, M., Michon, A.-M., Gulchet, A., Glotzer, J., and Ephrussi,
protein essential for viability of the germline in C. elegans, is homolo-A. (1995). Requirement for Drosophila cytoplasmic tropomyosin in
gous to a Drosophila Polycomb group protein. Development 125,oskar mRNA localization. Nature 377, 524±527.
2457±2467.Forbes, A., and Lehmann, R. (1998). Nanos and pumilio have critical
Houston, D., Zhang, J., Maines, J., Wasserman, S., and King, M.-L.roles in the development and function of Drosophila germline stem
(1998). A Xenopus DAZ-like gene encodes an RNA component ofcells. Development 125, 679±690.
germ plasm and is a funtional homologue of Drosophila boule. De-Forristall, C., Pondell, M., Chen, L., and King, M.L. (1995). Patterns of
velopment 125, 171±180.localisation and cytoskeletal association of two vegetally localised
Hudson, C., and Woodland, H. (1998). Xpat, a gene expressed spe-RNAs, Vg1 and Xcat-2. Development 121, 201±208.
cifically in germ plasm and primordial germ cells of Xenopus laevis.Fujimoto, T., Ukeshima, A., and Kiyofuji, R. (1976). The origin, migra-
Mech. Dev. 73, 159±168.tion and morphology of the primordial germ cells in the chick em-
Humphrey, R. (1929). The early position of the primordial germ cellsbryo. Anat. Rec. 185, 139±154.
in urodeles: evidence from experimental studies. Anat. Rec. 42,Fujiwara, Y., Komiya, T., Kasabata, H., Sato, M., Fujimoto, H., Furu-
301±314.sawa, M., and Noce, T. (1994). Isolation of a DEAD-family protein
Illmensee, K., and Mahowald, A. (1974). Transplantation of posteriorgene that encodes a murine homolog of Drosophila vasa and its
pole plasm in Drosophila: induction of germ cells at the anteriorspecific expression in germ cell lineage. Proc. Natl. Acad. Sci. USA
pole of the egg. Proc. Natl. Acad. Sci. USA 71, 1016±1020.91, 12258±12262.
Jaglarz, M.K., and Howard, K.R. (1994). Primordial germ cell migra-Gardner, R.L., and Rossant, J. (1979). Investigation of the fate of
tion in Drosophila melanogaster is controlled by somatic tissue.4.5 day post-coitum mouse inner cell mass cells by blastocyst injec-
Development 120, 83±89.tion. J. Embryol. Exp. Morphol. 52, 141±152.
Jaglarz, M., and Howard, K. (1995). The active migration of Drosoph-Gearhart, J. (1998). New potential for human embryonic stem cells.
Science 282, 1061±1062. ila primordial germ cells. Development 121, 3495±3503.
Review
173
Johnston, D.S., Brown, N., Gall, J., and Jantsch, M. (1992). A con- Moore, L., Broihier, H., VanDoren, M., Lunsford, L., and Lehmann,
R. (1998). Identification of genes controlling germ cell migrationserved double-stranded RNA-binding domain. Proc. Natl. Acad. Sci.
USA 89, 10979±10983. and embryonic gonad formation in Drosophila. Development 125,
667±678.Jongens, T.A., Hay, B., Jan, L.Y., and Jan, Y.N. (1992). The germ
cell-less gene product: a posteriorly localized component necessary Nakamura, A., Amikura, R., Mukai, M., Kobayashi, S., and Lasko,
P. (1996). Requirement for a noncoding RNA in Drosophila polarfor germ cell development in Drosophila. Cell 70, 569±584.
granules for germ cell establishment. Science 274, 2075.Jongens, T., Ackerman, L., Swedlow, J., Jan, L., and Jan, Y. (1994).
Germ cell-less encodes a cell type-specific nuclear pore associated Neuman-Silberberg, F., and Schupbach, T. (1993). The Drosophila
dorsoventral patterning gene gurken produces a dorsally localizedprotein and functions early in the germ-cell specification pathway
of Drosophila. Genes Dev. 8, 2123±2136. RNA and encodes a TGF alpha-like protein. Cell 75, 165±174.
Newmark, P., and Boswell, R.E. (1994). The mago nashi locus en-Kaneko, Y., Takenawa, J., Yoshida, O., Fujita, K., Sugimoto, K.,
Nakayama, H., and Fujita, J. (1991). Adhesion of mouse mast cells codes an essential product required for germ plasm assembly in
Drosophila. Development 120, 1303±1313.to fibroblasts: adverse effects of Steel (Sl) mutation. J. Cell Physiol.
147, 224±230. Newmark, P., Mohr, S., Gong, L., and Boswell, R. (1997). mago nashi
mediates the posterior follicle cell-to-oocyte signal to organize axisKaragenc, L., Cinnamon, Y., Ginsburg, M., and Petitte, J. (1996).
Origin of primordial germ cells in the prestreak chick embryo. Dev. formation in Drosophila. Development 124, 3197±3207.
Genet. 19, 290±301. Nichols, J., Zevnik, B., Anastassiadis, K., Niwa, H., Klewe-Nebenius,
D., Chambers, I., Scholer, H., and Smith, A. (1998). Formation ofKelly, W., and Fire, A. (1998). Chromatin silencing and the mainte-
nance of a functional germline in C. elegans. Development 125, pluripotent stem cells in the mammalian embryo depends on the
2451±2456. POU transcription factor Oct4. Cell 95, 379±391.
Kemphues, K., and Strome, S. (1997). Fertilization and establishment Okamoto, K., Okazawa, H., Okuda, A., Sakai, M., Muramatsu, M.,
of polarity in the embryo. In C. elegans II, D. Riddle, T. Blumenthal, and Hamada, H. (1990). A novel octamer binding transcription factor
B. Meyer, and J. Priess, eds. (Cold Spring Harbor, NY: Cold Spring is differentially expressed in mouse embryonic cells. Cell 60,
Harbor Press), pp. 335±359. 461±472.
Kirk, D. (1997). The genetic program for germ±soma differentiation Nieuwkoop, P., and Sutasurya, L. (1979). Primordial Germ Cells in
in Volvox. Annu. Rev. Genet. 31, 359±380. the Chordates. (Cambridge, UK: Cambridge University Press), pp.
187.Kloc, M., Spohr, G., and Etkin, L. (1993). Translocation of repetitive
RNA sequences with the germ plasm in Xenopus oocytes. Science Nieuwkoop, P., and Sutasurya, L. (1981). Primordial Germ Cells in
262, 1712±1714. the Invertebrates (Cambridge, UK: Cambridge University Press), pp.
182.Kobayashi, S., and Okada, M. (1989). Restoration of pole-cell-form-
ing ability to u.v.-irradiated Drosophila embryos by injection of mito- Paulson, R., Vesely, S., Siminovitch, K., and Bernstein, A. (1996).
chondrial lrRNA. Development 107, 733±742. Signalling by the W/Kit receptor tyrosine kinase is negatively regu-
lated in vivo by the protein tyrosine phosphatase Shp1. Nat. Genet.Kobayashi, S., Yamada, M., Asaoka, M., and Kitamura, T. (1996).
13, 309±315.Essential role of the posterior morphogen nanos for germline devel-
opment in Drosophila. Nature 380, 708±711. Pellas, T.C., Ramachandran, B., Duncan, M., Pan, S.S., Marone,
M., and Chada, K. (1991). Germ-cell deficient (gcd), and insertionalKorf, I., Fan, Y., and Strome, S. (1998). The polycomb group in C.
mutation manifested as infertility in transgenic mice. Proc. Natl.elegans and the maternal control of germline development. Develop-
Acad. Sci. USA 88, 8787±8791.ment 125, 2469±2478.
Koshimizu, U., Taga, T., Watanabe, M., Saito, M., Shirayoshi, Y., Raff, J.W., and Glover, D.M. (1989). Centrosomes, and not nuclei,
initiate pole cell formation in Drosophila embryos. Cell 57, 611±619.Kishimoto, T., and Nakatsuji, N. (1996). Functional requirement of
gp130-mediated signaling for growth and survival of mouse primor- Ransick, A., Cameron, R., and Davidson, E. (1996). Postembryonic
dial germ cells in vitro and derivation of embryonic germ (EG) cells. segregation of the germ line in sea urchins in relation to indirect
Development 122, 1235±1242. development. Proc. Natl. Acad. Sci USA 93, 6759±6763.
Ku, M., and Melton, D.A. (1993). Xwnt-11: a maternally expressed Resnick, J.L., Bixler, L.S., Cheng, L., and Donovan, P.J. (1992). Long-
Xenopus wnt gene. Development 119, 1161±1173. term proliferation of mouse primordial germ cells in culture. Nature
359, 550±551.Lantz, V., Chang, J., Horabin, J., Bopp, D., and Schedl, I. (1994).
The Drosophila orb RNA-binding protein is required for the formation Reuter, R. (1994). The gene serpent has homeotic properties and
of the egg chamber and establishment of polarity. Genes Dev. 8, specifies endoderm versus ectoderm within the Drosophila gut. De-
598±613. velopment 120, 1123.
Lawson, K., and Hage, W. (1994). Clonal analysis of the origin of Robb, D., Heasman, J., Raats, J., and Wylie, C. (1996). A kinesin-
primordial germ cells in the mouse. CIBA Found. Symp. 182, 68±84. like protein is required for germ plasm aggregation in Xenopus. Cell
87, 823±831.Littlefield, C.L. (1991). Cell lineages in Hydra: isolation and character-
ization of an interstitial stem cell restricted to egg production in Rongo, C., and Lehmann, R. (1996). Regulated synthesis, transport
Hydra oligactis. Dev. Biol. 143, 378±388. and assembly of the Drosophila germ plasm. Trends Genet. 12,
102±109.Mahowald, A.P. (1962). Fine structure of pole cells and polar gran-
ules in Drosophila melanogaster. J. Exp. Zool. 151, 201±205. Rongo, C., Broihier, H., Moore, L., Van Doren, M., Forbes, A., and
Lehmann, R. (1997). Germ plasm assembly and germ cell migrationMarziali, G., Lazzaro, D., and Sorrentino, V. (1993). Binding of germ
cells to mutant sld sertoli cells is defective and is rescued by expres- in Drosophila. Cold Spring Harbor Symp. Quant. Biol. 62, 1±11.
sion of the transmembrane form of c-kit ligand. Dev. Biol. 157, Rosner, M.H., Vigano, M.A., Ozato, K., Timmons, P.M., Poirier, F.,
182±190. Rigby, P.W.J., and Staudt, L.M. (1990). A POU-domain transcrip-
tional factor in early stem cells and germ cells of the mammalianMatsui, Y., Toksoz, D., Nishikawa, S., Nishikawa, S.-I., Williams, D.,
Zsebo, K., and Hogan, B.L.M. (1991). Effect of Steel factor and embryo. Nature 345, 686±692.
leukaemia inhibitory factor on murine primordial germ cells in cul- Roth, W., Neumann-Silberberg, F., Barcelo, G., and Schupbach,
ture. Nature 353, 750±752. T. (1995). Cornichon and the EGF receptor signaling process are
necessary for both anterior-posterior and dorsal-ventral pattern for-Matsui, Y., Zsebo, K., and Hogan, B.L.M. (1992). Derivation of pluri-
potential stem cells from murine primordial germ cells in culture. mation in Drosophila. Cell 81, 967±978.
Cell 70, 841±847. Ruohola, H., Bremer, K., Baker, D., Swedlow, J., Jan, L., and Jan,
Y. (1991). Role of neurogenic genes in establishment of follicle cellMeininger, C.J., Yano, H., Rottapel, M., Bernstein, A., Zsebo, K., and
Zetter, B.R. (1992). The c-kit receptor ligand functions as a mast fate and oocyte polarity during oogenesis in Drosophila. Cell 66,
433±449.cell chemoattractant. Blood 79, 958±963.
Cell
174
Savage, R., and Danilchik, M.V. (1993). Dynamics of germ plasm Whitington, P.M., and Dixon, K.E. (1975). Quantitative studies of
localisation and its inhibition by ultraviololet irradiation in early cleav- germ plasm and germ cells during early embryogenesis of Xenopus
age Xenopus embryos. Dev. Biol. 157, 371±382. laevis. J. Embryol. Exp. Morphol. 33, 57±74.
Schedl, T. (1997). Developmental genetics of the early germ line. In Williamson, A., and Lehmann, R. (1996). Germ cell development in
C. elegans II, D. Riddle, T. Blumenthal, B. Meyer, and J. Priess, eds. Drosophila. Annu. Rev. Cell Dev. Biol. 12, 365±391.
(Cold Spring Harbor, NY: Cold Spring Harbor Press), pp. 241±269. Wylie, C., and Heasman, J. (1997). What my mother told me: examin-
Scholer, H., Ruppert, S., Suzuki, N., Chowdury, K., and Gruss, P. ing the roles of maternal gene products in a vertebrate. Trends Cell
(1990). New type of POU domain in germ-line specific protein. Nature Biol. 7, 459±461.
344, 435±439. Wylie, C.C., Heasman, J., Snape, A., O'Driscoll, M., and Holwill, S.
Scholer, H., Ciesiolka, T., and Gruss, P. (1991). A nexus between (1985). Primordial germ cells of Xenopus laevis are not irreversibly
Oct-4 and E1A: implications for gene regulation in embryonic stem determined early in development. Dev. Biol. 112, 66±72.
cells. Cell 66, 291±304.
Wylie, C., Kofron, M., Payne, C., Anderson, R., Hosobuchi, M., Jo-
Schupbach, T., and Wieschaus, E. (1986). Maternal-effect mutations seph, E., and Heasman, J. (1996). Maternal b catenin establishes a
altering the anterior-posterior pattern of the Drosophila embryo. dorsal signal in early Xenopus embryos. Development 122, 2987±
Roux's Arch. Dev. Biol. 195, 302±317. 2996.
Schupbach, T., and Weischaus, E. (1989). Female sterile mutations Yoon, C., Kawakami, K., and Hopkins, N. (1997). Zebrafish vasa
on the second chromosome of Drosophila melanogaster. I. Maternal homologue RNA is localized to the cleavage planes of 2- and 4-cell
effect mutations. Genetics 121, 101±117. stage embryos and is expressed in the primordial germ cells. Devel-
Seydoux, G., and Dunn, M. (1997). Transcriptionally repressed germ opment 124, 3157±3166.
cells lack a subpopulation of phosphorylated RNA polymerase II Zalokar, M. (1976). Autoradiographic study of protein and RNA for-
in early embryos of C. elegans and Drosophila. Development 124, mation during early development of Drosophila eggs. Dev. Biol. 49,
2191±2201.
97±106.
Seydoux, G., Mello, C., Pettit, J., Wood, W., Priess, J., and Fire, A.
Zhang, N., Zhang, J., Purcell, K., Cheng, Y., and Howard, K. (1997).
(1996). Repression of gene expression in the embryonic germ lin-
The Drosophila protein Wunen repels migrating germ cells. Nature
eage of C. elegans. Nature 382, 713±716.
385, 64±66.
Shamblott, M., Axelman, J., Wang, S., Bugg, E., Littlefield, J., Dono-
Zhang, J., Houston, D., King, M., Payne, C., Wylie, C., and Heasman,van, P., Blumenthal, P., Huggins, G., and Gearhart, J. (1998). Deriva-
J. (1998). The role of maternal VegT in establishing the primary germtion of pluripotential stem cells from cultured human primordial germ
layers in Xenopus embryos. Cell 94, 515±524.cells. Proc. Natl. Acad. Sci. USA 95, 13726±13731.
Smith, L.D. (1966). The role of germinal plasm in the formation of
primordial germ cells in Rana pipiens. Dev. Biol. 14, 330±347.
Snow, M.H.L. (1981). Autonomous development of parts isolated
from primitive-streak-stage mouse embryos. Is development clonal?
J. Embryol. Exp. Morphol. 65, 269±287.
Sonnenblick, B.P. (1941). Germ cell movements and sex differentia-
tion of the gonads in the Drosophila. Proc. Natl. Acad. Sci. USA 27,
484±489.
Stevens, L. (1968). The development of teratomas from intratesticu-
lar grafts of tubal mouse eggs. J. Embryol. Exp. Morphol. 20,
329±341.
Stevens, L. (1970). The development of transplantable teratocarci-
nomas from intratesticular grafts of pre- and post-implantation em-
bryos. Dev. Biol. 21, 364±382.
St Johnston, D., Beuchle, D., and NuÈ sslein, V.C. (1991). Staufen, a
gene required to localize maternal RNAs in the Drosophila egg. Cell
66, 51±63.
Swift, C.H. (1914). Origin and early history of the primordial germ
cells in the chick. Am. J. Anat. 15, 483±516.
Tam, P., and Zhou, T. (1996). The allocation of epiblast cells to
ectodermal and germ-line lineages is influenced by the position of
the cells in the gastrulating mouse embryo. Dev. Biol. 17, 8124±8132.
Thomson, J., Itskovitz-Eldor, J., Shapiro, S., Waknitz, M., Swiergiel,
J., Marshall, V., and Jones, J. (1998). Embryonic stem cell lines
derived from human blastocysts. Science 282, 1145±1147.
Torpey, N.P., Heasman, J., and Wylie, C.C. (1990). Identification of
vimentin and novel vimentin-related proteins in Xenopus oocytes
and early embryos. Development 110, 1185±1195.
Van Doren, M., Broiher, H., Moore, L., and Lehmann, R. (1998). HMG-
CoA reductase guides migrating primordial germ cells. Nature 396,
466±469.
Vernos, I., Raats, J., Hirano, T., Heasman, J., Karsenti, E., and Wylie,
C. (1995). Xklp1, a chromosomal protein essential for spindle organi-
sation and chromosomal positioning. Cell 81, 117±128.
Wakayama, T., Perry, A., Zucotti, M., Johnson, K., and Yanagimachi,
R. (1998). Full-term development of mice from enucleated oocytes
injected with cumulus cell nuclei. Nature 394, 369±374.
Wang, C., Dickinson, L., and Lehmann, R. (1994). The genetics of
nanos localization in Drosophila. Dev. Dyn. 199, 103.
Warrior, R. (1994). Primordial germ cell migration and the assembly
of the Drosophila embryonic gonad. Dev. Biol. 166, 180.
